Rationale: The ability to perform on the Cambridge Neuropsychological Test Automated Battery touchscreen pairedassociate learning (PAL) test is predictive of Alzheimer's disease and Mild Cognitive Impairment. Recently, an automated computer touchscreen PAL task for mice has been developed. Pharmacological validation of this task is warranted to establish it as a useful tool in future drug discovery pertaining to Alzheimer's disease and Mild Cognitive Impairment.
Introduction
Animal models in research have been instrumental in expanding the understanding of the biological bases of behavior. Many fundamental issues in the field of psychology have been examined using animal subjects, including the functional mechanisms that influence learning and memory, and the psychopharmacological implications associated with these mechanisms (Domjan and Purdy 1995) . Particularly significant are rodent models which, from their performance on behavioral tasks, provide results with potential significance to human patients with conditions that affect these behaviors (Bartko et al. 2011) . One such translatable model that pertains to human conditions such as Alzheimer's disease and Mild Cognitive Impairment is a fundamental component of the present investigation.
Human PAL research
A computerized test battery, the Cambridge Neuropsychological Test Automated Battery (CANTAB) was designed with a focus on neuropsychological functions subserved by the frontostriatal circuitry (Fray et al. 1997) . These circuits consist of neural pathways that connect the frontal lobe brain regions to different sectors of the striatum, which mediate cognitive, behavioural and motor programs within the brain (Alexander et al. 1986 ). Included in this test battery is a paired-associate learning (PAL) test, which provides a useful measure for assessing human patients with Mild Cognitive Impairment or potential Alzheimer's disease. In this test, participants are faced with boxes presented on a computer screen; the boxes were opened in a random order, revealing distinctive visual patterns or 'objects' in each location on the screen. Once the boxes have been opened, the participants are presented each visual pattern one-by-one, in the middle of the screen and they must touch the box in which they had seen it located. Essentially, this is a visuospatial task whereby the test-taker must learn to associate a visual pattern with a particular spatial location in which it was presented.
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Effects of nicotinic cholinergic system manipulations of PAL in mice (Milanovic)
It is known that visual representations of objects are processed predominately within the perirhinal cortex (Mumby and Pinel 1994; Winters and Bussey 2005) , whereas spatial information is processed in the hippocampus (O'Keefe and Nadel 1978; Aggleton et al. 1986; Forwood et al. 2005) . These areas are primarily affected by Alzheimer's disease, which is a progressive brain disease characterized by memory and cognitive impairment (Braak and Braak 1997) . As such, the CANTAB PAL test provides a measure that is sensitive to the function (and functional interaction) of areas implicated in the cognitive impairments associated with Alzheimer's disease and patients indeed demonstrate robust deficits in this task (Junkkila et al. 2012) . Furthermore, previous investigation into the sensitivity of the CANTAB PAL task identified PAL performance as an informative diagnostic tool. Particularly, these investigations determined PAL performance to be an effective measure in discerning the impairments as seen in the early stages of Alzheimer's disease from the cognitive impairment associated with separate conditions (Sahakian et al. 1989; Swainson et al. 2001; Blackwell et al. 2004 ).
Animal models of PAL
While having the CANTAB PAL test that is administrable to human participants is indispensable, it is also valuable to have animal models that parallel this task, which enables for pharmacological testing and research into implicated biological systems. Variants of the PAL task have been developed for research on rats (Talpos et al. 2009 ), monkeys (Katner et al. 2004) , and pigeons (Rodewald 1973) . However, a separate rodent, the mouse, is becoming increasingly used in neurobiological research. A particular usefulness of mice is the various transgenic and knockout strains, which have enhanced experimental pathology by fostering dramatic advances in the understanding of the pathogenesis of many human diseases (Aguzzi et al. 1994 ). In the context of the present research, a task designed for mice that parallels the CANTAB PAL would provide the ability to behaviourally phenotype various transgenic and knockout mice. Having acknowledged the need for a mouse model to be used within PAL research, Bussey et al. (2001) demonstrated using a computer-automated touchscreen method that mice are indeed capable of complex visual discriminations, as had been seen on similar tests of rats, monkeys and humans. Bartko et al. (2011) investigated this computer-automated touchscreen method of PAL in mice, providing evidence that mice could indeed acquire the rodent PAL task and thus expanding the subject pool for PAL research to include the experimental mouse. Furthermore, Bartko and al. (2011) also examined the effect of manipulations of the muscarinic cholinergic system via administration of various muscarinic antagonists, as well as the effects of cholinesterase inhibitor drugs. The study demonstrated the importance of the muscarinic cholinergic system in mediating PAL performance, as the muscarinic receptor antagonists scopolamine and dicyclomine impaired accuracy of mice in the PAL task. The study provided pharmacological validation of this PAL task due to the fact that muscarinic receptor antagonism, a manipulation that consistently disrupts many aspects of cognition (Drachman and Leavitt 1974; Hagan et al. 1987; Bartholomew et al. 2009 ), impaired task performance. This indicated that the muscarinic cholinergic system is influential in PAL task ability, and as such, this task was demonstrated as a tool of considerable value for further drug discovery.
The role of the cholinergic system in cognition
Acetylcholine is a neurotransmitter that acts on two main classes of receptors. This includes the nicotinic cholinergic receptors, which are ionotropic and therefore ligand-gated ion channels that become activated upon the binding of acetylcholine and other various nicotinic agonists such as nicotine (Graef et al. 2011) . Muscarinic or metabotropic cholinergic receptors are the second class of receptors, comprised of G-protein-coupled receptors that when activated through the binding of acetylcholine and other various muscarinic agonists (such as muscarine) results in transmission of signals inside the cell by an intracellular second messenger system (Caulfield 1993) .
The role of the cholinergic system in cognition has been extensively studied and particularly relevant to the present investigation are various findings that have implicated acetylcholine in the cognitive dysfunction of Alzheimer's disease. Experimental analyses completed in both humans and non-human primates have demonstrated that memory impairments similar to those seen in aged individuals with Alzheimer's disease are inducible in young subjects by administration of the muscarinic antagonist scopolamine, which blocks central cholinergic activity (Bartus and Johnson 1976; Frumin et al. 1976; Drachman 1977) . Additionally, administration of the cholinergic agonist physostigmine, which prevents the degradation of acetylcholine, reversed the scopolamine-induced cognitive impairment in these subjects (Drachman and Leavitt 1974; Drachman 1977; Bartus 1978) . Additional demonstration of a role of the muscarinic cholinergic system in cognition as related to Alzheimer's disease was provided by the work of Bartko et al. (2011) , showing an importance in mice of the muscarinic cholinergic system in the rodent model of the Alzheimer's disease-sensitive PAL task as described above.
Unlike the muscarinic system, the nicotinic system has yet to be comprehensively studied in any animal model for its involvement in the PAL task. As discussed, the ability to
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learn paired-associates is sensitive to cognitive deficits in patients with Alzheimer's disease, as proven by the poor performance of these individuals on the CANTAB PAL (Fray et al. 1997) . The nicotinic cholinergic mechanisms have been considered important in explaining the pathophysiology of and designing treatments for Alzheimer's disease, due to an observation that these patients have reduced cortical nicotinic cholinergic receptor binding compared to age-matched healthy individuals (James and Nordberg 1995) . As such, the nicotinic cholinergic system might have relevance to performance in the PAL task. The above facts, in addition to the existence of a recently validated mouse model, provided the opportunity and impetus to investigate the nicotinic cholinergic system, with the intent of providing further pharmacological validation of this PAL task for mice.
An additional role of the present study has been to help elucidate an outcome of ambiguous nature from the investigation into PAL in mice by Bartko et al. (2011) . In particular, they had discovered that administration of donepezil (a common drug used in the treatment of Alzheimer's disease-type dementia in humans) improved PAL performance. As an acetylcholinesterase inhibitor, this effect of donepezil could have implications for both the muscarinic and nicotinic receptor functions. By providing a comprehensive investigation into the role of nicotinic receptors in PAL performance, the present investigation should help to clarify whether increased nicotinic receptor activation might have contributed to the improved performance in PAL as had been seen following administration of donepezil.
Nicotinic cholinergic receptors
Recent relevant research into the role of nicotinic receptors in learning and memory has demonstrated that administration of the nicotinic receptor agonist nicotine enhances object memory in rats via nicotinic receptor activation in the perirhinal cortex and hippocampus (Melichercik et al. 2012) . Levin et al. (2006) have also discussed various memory improvements following nicotine administration, including improved working memory, enhanced performance of spatial discrimination tasks and elevated object recognition in rats. Katner et al. (2004) provided complementary evidence that visuospatial associative memory is impaired by deactivating the nicotinic system through administration of the nicotinic antagonist drug mecamylamine in rhesus monkeys. Additionally, mecamylamine has been demonstrated to reduce spatial working memory performance in rats (Kim and Levin 1996) . These findings support a role for the nicotinic system in memory and highlight the lack of PAL research within a mouse model. As such, the present study sought to assess the effects of nicotinic receptor agonism and antagonism on PAL task performance in mice.
Despite the limited amount of PAL research to date, within the domains of attention and cognition, nicotinic effects have been more commonly researched. Several studies have described enhanced performance of mice in the 5-Choice Serial Reaction Time Task (5CSRTT) adapted by Carli et al. (1983) . As a measure of attentional performance, animals must monitor an array of five screens and respond to a stimulus randomly presented briefly in one of them. The spatial distribution of attention across all five screens places demands on divided attention to perform visual search, and as such, is an appropriate task of attention (Hahn et al. 2002) . Administration of nicotine in mice has been shown to improve attention on this task in comparison to mice treated with vehicle (Young et al. 2004; de Bruin et al. 2006) . Such findings may be relevant to the present investigation, because should an effect of nicotine be seen in the PAL performance of mice, the nature of the effect will need to be considered (i.e. whether the effect is attentional or memory-based).
Objectives
The utility and clinical significance of a mouse version of the PAL task has been demonstrated via manipulation of the muscarinic cholinergic system in previous work (Bartko et al. 2011) . Since mice are an integral component in testing therapeutic agents and researching principles relevant to human cognitive disorders, having this PAL task extensively validated will help to establish it as a useful tool for research into pharmacological and biological components of cognition. Furthermore, since PAL is known to be impaired in patients with Alzheimer's disease (Fray et al. 1997) , the particular systems implicated in this cognitive disorder can be studied quite directly using a PAL task.
In the present investigation, the cholinergic system was studied, and particularly, manipulation of the nicotinic cholinergic system receptors was assessed for their impact on PAL performance, thereby furthering the utility of this task. Nicotine (a nicotinic receptor agonist) and mecamylamine (a nicotinic receptor antagonist) were investigated for their drug effects on PAL performance in mice. An effect of bidirectional modification was anticipated, such that nicotine would enhance PAL performance while mecamylamine would impair PAL performance. A demonstration of this effect would provide evidence to support the fundamentality of the nicotinic system in paired-associate learning; essentially, should an agonist of the nicotinic receptors enhance PAL performance and an antagonist of the nicotinic receptors impair PAL performance, then this would indicate that the nicotinic system is needed to guide behaviour on the basis of visuospatial associations. Thus, the research question proposed for the present investigation was: using a mouse model of PAL, would manipulation of nicotinic cholinergic receptors via antagonism and agonism show bidirectional modification on performance in the PAL task?
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Methods
Subjects
Subjects were seven C57BL/6 male mice (Charles River Laboratories, QC, Canada) aged two months old at the beginning of testing. See Supplementary Information for additional description of subjects.
Apparatus
Testing was conducted in a touchscreen-based automated operant system for mice (Bussey et al. 2001; Morton et al. 2006 ). The operant box contained an infrared touchscreen (16.0 cm high × 21.2 cm wide) at the end opposite the magazine. The touchscreen used infrared photocells; thus the mouse was not required to exert pressure on the screen for the nose-poke to be detected. A black Perspex mask (11.80 cm high × 22.8 cm wide) with three response windows (5.80 cm high × 5.0 cm wide) was placed over the screen, through which the mouse was able to make a nose-poke towards any of the three screen locations.
Pretraining
A pretraining protocol was followed whereby the mice were familiarized with the operant chamber, visual training stimuli and the collection of milkshake upon making nosepoke responses. Refer to Supplementary Information for the daily pretraining procedure.
PAL task training and criterion levels
Upon successful completion of pretraining, mice were trained on the PAL task. Refer to Supplementary Information for this training procedure.
Various levels of accuracy criterion were selected to which the mice were required to reach, prior to each drug study. Drug study A consisted of analysis of the effects of nicotine on PAL performance. Bartko et al. (2011) , having been the only other researchers to investigate this PAL task in mice, trained their mice to 80% PAL task accuracy prior to drug study commencement. Their investigation into facilitation effects of donepezil (proposed to enhance performance) established only the highest dose administered to be significant in improving PAL performance. As such, it was decided to train the mice to a criterion of 70% accuracy for drug study A. This provided a larger gap between criterion (70%) and the highest possible performance (100%), allowing for better detection of nicotinic agonist facilitation effects. Thus, the mice needed to complete all 36 trials with 70% accuracy over three consecutive days. Upon reaching this criterion, the training of these mice was halted until all mice in the group reached the 70% accuracy. Once all mice reached criterion, they were re-baselined on the task for six days to stabilize performance. On three of these rebaseline days, each mouse received an intraperitoneal injection of saline (a mock injection) 20 minutes prior to entry in the PAL task session. This was done as an adjustment process, to allow the mice to get accustomed to the injection procedure that would be used in the pharmacological investigations. Following this, drug study A (nicotine) began.
Drug study B consisted of examining the effects of mecamylamine on PAL performance in the same group of mice. Since antagonism of the nicotinic system was proposed to impair performance, the mice were trained to a higher criterion upon completion of drug study A. As such, they needed to complete all 36 trials with 80% accuracy over three consecutive days. This was done to allow for a wider gap between chance accuracy (50%) and trained accuracy (80%), to better detect an impairment effect of mecamylamine.
Drug study C consisted of examining the effects of nicotine in these mice a second time while the mice were still at an 80% accuracy level post-drug study B. This was done to provide a more thorough and comprehensive analysis of nicotine on potential improvement of PAL performance, which was consistent with what Bartko et al. (2011) had done to examine improvement effects.
Between each of the three drug studies, the mice underwent re-baselining on the PAL task for seven days and received a mock infusion of saline prior to two of these rebaselining sessions to keep them accustomed to the injection procedure. Between drug study A and B, additional training sessions were required to raise their accuracy level from 70% to 80%. Four dosages were determined and assessed within the mice for each drug being studied. During all drug studies, one washout day was used between treatments. On these days the mice were re-baselined on the PAL task (i.e. completed a session in the PAL task without any injection procedure).
Pharmacological experiments
Nicotine and mecamylamine were administered intraperitoneally with injection volumes of 0.2 ml per 20 g of the weight of the mouse. Drugs were dissolved in physiological saline (0.9% sodium chloride, pH 7.0) to create appropriate stock solutions. A Latin square design was used to determine the sequence of drug administrations for each mouse for each individual drug study, resulting in a withinsubjects model for each drug investigation. For each injection procedure, the drug was administered 20 minutes prior to the initiation of the PAL session.
In drug study A, the effects of nicotine on PAL performance were examined. Nicotine was administered to mice having reached 70% accuracy on the PAL task at three doses (0.1, 0.5, and 1.0 mg/kg), with a fourth dose condition of saline (to serve as a vehicle control condition). These doses have been shown to be effective in studies of nicotine effects on other learning and memory tasks, with particularly 0.1 and 0.5 mg/kg of nicotine having resulted in improved memory-related effects in mice when used on assessment in the elevated plus maze (Biala and Kruk 2008 In drug study B, the effects of mecamylamine administration were examined in mice having reached 80% accuracy on the PAL task. Mecamylamine was given at three doses (0.3, 1.0, and 3.0 mg/kg), with a fourth dose condition of saline. Literature indicates that doses of mecamylamine reported to impair memory in mice models have ranged from 0.1 mg/kg to 25.0 mg/kg (Terry et al. 1999) , with doses below 1.0 mg/kg being regarded as moderately selective at antagonizing nicotinic receptors (Clarke et al. 1994 ). As such, 1.0 mg/kg, as well as a dose below (0.3 mg/kg) and above (3.0 mg/kg) were selected.
In drug study C, the effects of nicotine administration on PAL performance were examined an additional time, while the mice were at an 80% trained accuracy post-drug study B. Nicotine was given at the same doses as in drug study A (0.1, 0.5, and 1.0 mg/kg), as well as a saline control.
Data analysis
Group means of accuracy (percent correct) were analyzed for each drug study to assess the effects of the nicotinic drugs on PAL performance. In addition, group means of reaction time (the length of time between a nose-poke to the magazine at the back of the chamber and a nose-poke to the touchscreen) for both correct and incorrect trials were analyzed, providing a measure of attentional effects of the drugs. Furthermore, group means of magazine latency (the length of time between a correct choice nose-poke to the touch screen and a nose-poke for food in magazine) were analyzed. Finally, group means of the total number of correction trials committed during each drug study were analyzed to investigate whether the drugs had a perseverative effect on mice in PAL. Means were submitted to one-way ANOVA with repeated measures for drug. Paired sample ttest comparisons were used for post hoc analyses of withinsubject effects of drug. All statistical analyses were conducted with a significance level of p = 0.05.
Results
Drug study A
Nicotine was administered systemically at three dose levels (0.1 mg/kg, 0.5 mg/kg, and 1.0 mg/kg) and was predicted to produce an improvement in PAL task performance relative to the saline control condition.
Percent Correct (Accuracy). There was no overall effect of the drug on accuracy following administration of nicotine in the PAL task (F (3,18) = 0.031, p = 0.992; see Table 1 for mean accuracies ± SEM).
Reaction Time. Reaction times for correct trials (F (1.062,6.374) = 1.827, p = 0.224) and incorrect trials (F (1.786,10.719) = 1.981, p = 0.187) were not significantly affected by nicotine (see Table 1 for mean reaction times ± SEM for the correct trials and incorrect trials).
Magazine Latency. Magazine latency was not significantly affected by administration of nicotine (F (1.212,7.270) = 0.624, p = 0.485; see Table 1 for mean magazine latencies ± SEM).
Correction Trials. Administration of nicotine did not significantly affect the number of correction trials committed by mice in the PAL task (F (3,18) = 0.904, p = 0.459; see Table 1 for mean number of correction trials ± SEM).
Drug study B
Mecamylamine, a nicotinic receptor antagonist was administered systemically at three dose levels (0.3 mg/kg, 1.0 mg/kg, and 3.0 mg/kg) and a fourth saline condition, and was predicted to have an impairment effect on PAL task performance.
Percent Correct (Accuracy). Administration of mecamylamine did not have a significant effect on accuracy in the PAL task (F (3,18) = 0.912, p = 0.455; see Table 2A for mean accuracies ± SEM).
Reaction Time. Reaction time for correct trials (F (1.043,6.259) = 5.984, p = 0.048) and incorrect trials (F (1.377,8.263) = 11.026, p = 0.007) were both significantly affected by mecamylamine (see Table 2A for mean reaction times ± SEM for correct and incorrect reaction times, Table 2B for post hoc paired-samples t-test comparisons and Figures 1 and 2 for graphs of each) .
Magazine Latency. Magazine latency for correct trials was significantly affected by injections of mecamylamine (F (3,18) = 9.170, p = 0.001; see Table 2A for mean magazine latencies ± SEM and Table 2B for post hoc paired-samples ttest comparisons).
Correction Trials. Administration of mecamylamine significantly affected the number of correction trials committed by the mice in the PAL task (F (3,18) = 3.419, p = 0.040; see Table 2A for mean correction trials ± SEM, Table 2B for post hoc paired-samples t-test comparisons, and Figure 3 for graph).
Drug study C
The effect of nicotine was assessed a second time, to complement the procedure followed by Bartko et al. (2011) , commencing with the mice having attained 80% accuracy (a higher criterion than used for the assessment of nicotine in drug study A). In this study, seizure activity occurred in all mice at the highest dose of nicotine administered (1.0 mg/kg). This was presumably due to downregulation of nicotinic receptors as a consequence of exposure to nicotine in drug study A. As such, analyses were conducted on performance at nicotine doses of 0.5 mg/kg and 0.1 mg/kg, as well as saline.
Percent Correct (Accuracy). There was no overall effect of nicotine on PAL task accuracy (F (2,10) = 0.716, p = 0.512; see Table 3A for mean accuracies ± SEM). Table 2B . Paired-samples t-tests of mean reaction time for correct and incorrect trials, magazine latency, and number of correction trials for the mecamylamine drug study. Table 3B . Paired-samples t-tests of mean reaction time for correct trials. Reaction Time. There was a significant effect of nicotine on reaction time for correct trials (F (2,10) = 6.713, p = 0.014), but not for incorrect trials (F (2,10) = 1.811, p = 0.213; see Table 3A for mean reaction times ± SEM for correct and incorrect reaction times and Table 3B for post-hoc pairedsamples t-test comparisons between dose conditions for reaction time on correct trials).
Effects of nicotinic cholinergic system manipulations of PAL in mice (
Magazine Latency. Magazine latency was not significantly affected by administration of nicotine (F (2,10) = 0.711, p = 0.514; see Table 3A for mean magazine latencies ± SEM).
Correction Trials. Administration of nicotine did not significantly affect the number of correction trials committed by mice in the PAL task (F (2,10) = 1.274, p = 0.322; see Table  3A for mean number of correction trials ± SEM).
Discussion
The present investigation sought to provide a test of utility of a mouse version of the touchscreen PAL task designed for rodents by Talpos et al. (2009) and used previously by Bartko et al. (2011) . Additionally, it intended to help determine the role that the nicotinic cholinergic system plays in the ability to perform a task involving paired-associate learning, since to date, no study has presented comprehensive data on the effects of nicotinic manipulation on an appetitive rodent PAL paradigm. These goals were achieved through training mice to specified criteria of performance on the PAL task and subsequently attempting to demonstrate bidirectional modification of PAL performance via manipulation of the nicotinic cholinergic system receptors.
Bidirectional modification was hypothesized to occur from administration of the agonist nicotine (an expected improvement effect on PAL performance) and antagonist mecamylamine (an expected impairment on PAL performance). Results of this study have added to the validation of this task for pharmacological investigations and assessed the role of the central cholinergic system, particularly the nicotinic system, in mediating PAL performance. As a task that replicates the one designed for human assessment as part of the Cambridge Neuropsychological Test Automated Battery (CANTAB), the validation provided through the current investigation allows for comparison beyond rodent species (Fray et al. 1997) . With this, further pharmacological investigation is possible within the mouse PAL task, with the intent of discovering those drugs that could alter performance in humans in a parallel fashion. As a task that is sensitive to those with Alzheimer's disease and Mild Cognitive Impairment, pharmacological assessment in mouse PAL has clinical significance in future drug development for diseases like Alzheimer's disease (Junkkila et al. 2012 ).
Nature of the nicotinic manipulation effects
A great deal of evidence within previous literature has indicated a facilitative effect of nicotine on various learning and memory performance paradigms (Levin et al. 2006; Melichercik et al. 2012) . In an analysis of the effect of nicotine on an object recognition task and spatial recognition task, Melichercik et al. (2012) demonstrated an enhanced memory effect in rats upon administration of nicotine. Furthermore, Sharifzadeh et al. (2005) showed that nicotine could reverse spatial memory impairments in rats. Despite these findings, a similar effect was not seen in this study. The administration of nicotine (in both drug study A and C) at any dose in the mice sample did not significantly enhance performance on the PAL task.
Although much research has demonstrated a facilitative effect on memory from nicotine, there are also contrasting findings (Levin et al. 2006) . In humans, Sahakian and Coull (1994) observed a lack of drug effect of nicotine on mnemonic memory ability, but observed nicotine-based improvements in attentional function in the same subjects. Using a group of individuals with Alzheimer's disease, White and Levin (1999) had the rationale that these patients, having lost nicotinic receptors (a product of the disease's progression), would exhibit improved memory effects upon receiving nicotine administration. Interestingly, they did not detect significant nicotine-induced effects on memory in Alzheimer's disease patients, but instead observed an improved attentional performance and faster reaction time. Finally, Sahakian et al. (1989) reported improvement in attention as measured by the working memory-based delayed response-matching task, when nicotine was administered to Alzheimer's disease subjects. Within these investigations, it appears as though nicotinic facilitative effects might be specific to tasks that are attentionally taxing. This possibility is in agreement with Warburton and Rusted (1993) , who explain that nicotine's effects are most often seen in tasks that have a large attentional load, with improvement from the drug being seen in enhanced speed of processing. Stimulation of nicotinic cholinergic neurons may have a nonspecific way of providing more attentional resources. More specifically, this might involve performance enhancement on tasks that require focused attention and are speed-dependent, while not improving performance on tasks that require access to retrieval of well-learned information or semantic memory (Newhouse et al. 2001) .
The PAL task variables of correct and incorrect reaction time are noteworthy in the discussion of attention. Reaction time is an effective measure used in investigations of attentional ability (de Bruin et al. 2006) . In this study, it was observed that a significant effect of mecamylamine administration on both correct and incorrect affected reaction times. In particular, the mean reaction time in both situations (correct and incorrect) was significantly highest at the highest dose administered (3.0 mg/kg) than for lower dosages, with the shortest response times for both correct and incorrect trials having occurred in the no-drug saline condition. This suggests that blocking nicotinic cholinergic receptors has an impairment effect upon attention, thereby increasing the time required by the mice to make a selection. This impairment in attentional ability by administration of nicotinic receptor antagonist complements such findings as described above that administration of nicotine improves attention (Sahakian et al. 1989; White and Levin 1999) .
From the results that indicated no effect of nicotine on accuracy or attention but an effect of mecamylamine on attention, the possibility emerges that within the domain of a paired-associate learning task, the nicotinic system functions at an optimal rate (i.e., cannot be improved through drug administration), but can be impaired via drug administration which blocks nicotinic cholinergic receptor function. As such, perhaps bidirectional modification is not an effect that is clearly demonstrable through nicotinic receptor manipulation in paired-associate learning; rather, modification may be specific to only the direction of impairment, with the effect being particular to attentional ability.
A final discussion on the nature of cholinergic effects on paired-associate learning performance is warranted. Bartko et al. (2011) , who provided an initial investigation into cholinergic effects on rodent performance of the automated PAL task, observed that administration of donepezil, an acetylcholinesterase inhibitor and common drug treatment for Alzheimer's disease, improved performance on the task. Given that donepezil is an acetylcholinesterase inhibitor (which increases the level of acetylcholine in the central nervous system), the cholinergic effects they observed may have been muscarinic or nicotinic-based. As such, the present investigation has provided some clarity regarding the nature of this effect of donepezil. Since nicotine did not enhance PAL performance of the mice, this provides indication and evidence in support of donepezil primarily acting though the muscarinic as opposed to nicotinic system.
Effects of drugs on perseverative responding
Within the mecamylamine drug study, but not nicotine drug studies, there was an observed significant effect of the drug on a number of correction trials. Specifically, there was a significant difference between the highest (3.0 mg/kg) and lowest (0.3 mg/kg) doses of mecamylamine. The highest dose resulted in an increased number of correction trials needed. As a measure of perseverative responding and decision-making, this indicates that the highest dose of mecamylamine may have caused the mice to perseverate more frequently in their responses, responding incorrectly more often. This might be an indication of an impairment effect on PAL task performance in a dose-dependent manner, whereby the highest dose caused perseverative memory impairment. This provides some additional support to the proposal that paired-associate learning may be impaired through antagonism of the nicotinic cholinergic system, but not improved through agonism given that nicotine did not have a significant effect on decreasing the number of correction trials when all doses were compared.
Effects of drugs on magazine latency
Mecamylamine had a significant effect on magazine latency, with significantly higher latency at the highest dose compared to the three other dose conditions. This is similar to the findings of Bartko et al. (2011) , who found that the muscarinic antagonists scopolamine and dicyclomine had significant effects on magazine latency, with significantly increasing latency times as dosage of antagonist increased. These results, as Bartko et al. (2011) explained, remain unclear. Perhaps the slower reaction time in obtaining the reward was a secondary effect to the primary effect of the drug on cognition (most likely the attentional effect, as currently proposed), resulting somehow in a lack of motivation to retrieve the milkshake. Or perhaps, if mecamylamine does indeed decrease attentional focus, such reduced attention may make the mice slower in retrievingtheir reward or in recognizizg the availability of the reward upon making a correct paired-associate response. Newhouse et al. (2001) have proposed a general scheme in an attempt to explain nicotinic effects on learning and memory. It entails nicotinic system stimulation influencing or modulating a broad range of neurotransmitter systems, thus enhancing the performance of attentional systems and having a resultant effect of improvement in learning and memory. In particular, they suggest that nicotinic stimulation increases the activity of attentional systems, or improves discriminatory or inhibitory functioning, leading to improvements in working memory due to the increased attentional resources. In support of this, Levin (2002) explains that nicotine-induced cognitive improvement in rats is most consistently observed in tasks of working memory. Importantly, Newhouse et al. (2001) note that their proposed scheme pertains to the acquisition side of information processing. The present investigation focused on a PAL task to which the mice were pre-trained (i.e., had already acquired the task) prior to examination of drug effects on performance accuracy. In this case, the task was neither predominantly attentional-based nor an assessment of acquisition; thus, according to Newhouse et al. (2001) , nicotine may have been unlikely to enhance performance. Indeed, such a result was observed, and the scheme certainly is noteworthy in the current reasoning for why bidirectional modification on the PAL task was not observed through manipulation of the nicotinic cholinergic system.
Factors deserving consideration
Another factor worthy of consideration is that drugs are typically given systemically, as in this study. Despite this, neurotransmitters act in anatomically precise locations (Levin et al. 2006) . Drugs distribute over wide areas of the body and may activate complex systems that have receptors in various areas specialized for specific functions. As such, the sum effect of a systemically-delivered drug might be obscured by its actions on more than one system. The nicotinic system is both widespread and diverse within the central nervous system, thus providing reason to postulate that nicotinic receptors in different locations could play differing roles in neurobehavioral function (Levin et al. 2006) . Perhaps some receptors work in a positive manner, having improvement effects on cognition while the same receptors in other brain areas may work in a negative manner upon cognition. Indeed, as demonstrated by Addy et al. (2003) , nicotine agonist effects in the ventral hippocampus and basolateral amygdala appear to be opposite to the effects in the mediodorsal thalamic nucleus within working memory function. This indicates that systemic administration of nicotine (and perhaps other nicotinic agonists) could have a mutually-attenuating effect on cognitive and memory ability (Levin and Torry 1996) , which could help explain why the present investigation demonstrated no enhancement effect of nicotine on PAL performance in mice.
Future research attempting to demonstrate bidirectional modification should assess the effect of nicotine and mecamylamine on PAL performance through intrahippocampal and intra-perirhinal cortex administration. These are the areas specifically implicated in visuospatial paired-associate learning, as used in the present investigation. This form of administration would help to eliminate mutually-attenuating effects from activation of oppositely acting nicotinic receptors from systemic administration. Furthermore, it would permit for the observation of whether paired-associate learning can be enhanced through nicotinic activation and impaired through nicotinic deactivation when the areas of the brain that subserve the ability to perform this task are specifically targeted.
Future directions and importance
In previous rodent studies on PAL task performance, data on cholinergic effects have only been provided for the effects of muscarinic and nicotinic antagonism, with the muscarinic receptor antagonist scopolamine impairing rodent performance on the PAL automated task and the nicotinic antagonist mecamylamine not impairing task performance (Talpos et al. 2009; Bartko et al. 2011 ). While the current study investigated effects of both nicotinic agonism and antagonism on performance, a comprehensive assessment such as this has not been conducted within the muscarinic cholinergic system. As such, it is unknown whether similar results would be produced in attempted bidirectional modification of performance in the PAL task with the muscarinic system as a target. The investigation will need to be conducted on this novel tool of paired-associate learning within a rodent sample to determine whether the effects observed here are specific to the nicotinic system.
Future investigations intending to contribute to this line of research performed using the mouse model of the PAL task might consider assessing a larger sample of mice than used here to enhance power in detecting drug effects. Additionally, it is possible that higher doses than used here would result in significant drug effects. Perhaps the dosages selected in the present study were not high enough to elicit detectable bidirectional modification of PAL performance. Future research might increase the dosage values used; however, it should be noted that seizure activity was observed in mice receiving the highest dosage of nicotine (1.0 mg/kg) used in drug study C.
The present study provides one of the first investigations into the touchscreen automated mouse PAL task, helping to establish it as a valuable tool for pharmacological investigations in mice. As suggested by Bartko et al. (2011) , a touchscreen apparatus such as this provides a useful mode of testing cognitive ability and has the potential to be used as part of a battery of cognitive tests for applications in drug discovery. Furthermore, this investigation has provided insight into the role that the nicotinic system plays in the capacity to perform a task of paired-associate learning, which has implications and applications within the medical world. Specifically, these findings pertain to learning and memory deficits as seen in patients diagnosed with Alzheimer's disease and Mild Cognitive Impairment and also may be considered in future drug investigations aimed at contributing to clinical knowledge and therapeutic availabilities.
• 
Supplementary Information
Subjects
Mice were pair-housed with corncob bedding and environmental enrichment in polyethylene cages (16 cm × 12 cm × 26 cm), in a room with a 12-hour light/dark cycle (lights on at 8:00 p.m.). All behavioural testing was conducted during the dark phase of the cycle. Mice received rodent chow (Tekland Global 14% Protein Rodent Maintenance Diet, Harlan Teklad, WI) and their diets were restricted to maintain their weights at 85% of free feeding body weight during behavioural testing. Water was available ad libitum throughout the experiment. All experimentation was conducted in accordance with the Animals for Research Act (Ontario) and its regulations (Revised Statutes of Ontario, 1990, Chapter A.22) .
Apparatus
This apparatus was comprised of a testing chamber within a sound-and light-attenuating box (40 cm × 34 cm × 42 cm; Lafayette Instrument Company Inc., Indiana, US). The inner operant chamber consisted of a metal frame and stainless steel grid floor. The box was equipped with a fan to ventilate and mask extraneous noise, and a milkshake receptacle (magazine) that was illuminated by a 3-W light bulb and fitted with a photocell head entry detector attached to the milkshake dispenser tube. This tube connected to an extraneous reservoir of milkshake (reward). The behavioural testing program was controlled by computer software program Animal Behavior Environment Test System (ABET II) (Lafayette Instrument Company Inc., Indiana, US).
Pretraining
The mice underwent one week of handling prior to training to become accustomed to handling by the researcher. Their body weights were closely monitored throughout the duration of the experimental process. The mice were placed in the chamber for two daily 15-minute habituation sessions during which the house light remained on and milkshake was placed in the magazine. Following this habituation stage, the mice were trained to collect milkshake delivered under a variable interval 30-second schedule, coinciding with magazine illumination and a tone. Training stimuli (40 stimuli varying in shape, pattern, and brightness) were presented one per trial in one of the three response windows. Delivery of a drop of milkshake immediately followed stimulus offset. If the mouse touched the stimulus, the stimulus disappeared immediately and the mouse was rewarded with the tone, magazine light, and milkshake.
The next training session required the mouse to respond to the stimulus presented on the touchscreen to receive milkshake. A training stimulus was shown in one of the three response windows on each trial, and remained there until the mouse responded by nose-poking it. The mouse was then rewarded with a drop of milkshake, tone, and illumination of the magazine light. After a 20-second intertrial interval (ITI), the next trial commenced with presentation of a new stimulus. Once the mouse successfully completed 30 trials in a 60-minute session, it entered the next training stage in which it was required to initiate trials. After collecting the reward following the response to a stimulus and leaving the reward magazine, the mouse had to poke its head in the magazine to cause the next stimulus to be presented in one of the screen windows. To pass this stage the mouse needed to successfully initiate and complete 30 trials in one hour.
In the final training stage, a cue to signal incorrect responses (responding to a window in which no stimulus had been displayed) was presented, and a correction procedure occurred. Correct responses to the window in which the stimulus was presented were followed by stimulus offset, and presentation of a drop of milkshake, tone, and illuminated food magazine (followed by a 20-second ITI). Following incorrect responses, the house light extinguished, the stimulus disappeared, and a 5-second time-out period occurred, followed by a 20-second ITI. A correction procedure was then implemented, whereby the trial was repeated until the mouse made the correct choice. Once the mouse could complete this stage at 70% correct (this measure pertained to non-correction trials only, not correction trials) over two consecutive sessions, PAL task training began.
Training of the PAL task
At the commencement of a daily session, the mouse was required to initiate the first trial. Following this, two stimuli would appear on the screen in two of the three windows: left, middle, and right. One of these stimuli was the correct S+ while the other was the incorrect S-. There were six possible trial types and three different stimuli used (flower, plane, spider). Within the six trial types, the flower was rewarded only when presented in the left screen, the plane was rewarded only when presented in the middle location, and the spider was rewarded only when presented in the right location. As such, the mouse had to learn the paired-associations of the three locations and visual stimuli. A nosepoke to the correct S+ resulted in a milkshake reward, tone and magazine light. A nose-poke to the incorrect S-resulted in a 5-second timeout period, then correction procedure. If a mouse nose-poked a window in which no stimulus was presented, this was ignored. A 20-second ITI was presented between each stimulus trial. The mice were required to complete 36 trials in one hour (each trial type could occur six times and the maximum number of times a trial could occur consecutively was twice).
